We perform first-principles simulations on a type of two-dimensional metal-organic nanosheet derived from the recently reported manganese bis-dithiolene Mn 3 C 12 S 12 [Nanoscale 5, 10404 (2013)] and manganese bis-diamine Mn 3 C 12 N 12 H 12 [ChemPhysChem 16, 614 (2015)] monolayers. By coordinating chalcogen (S or O) atoms and -NH-group to Mn atoms with trans-or cis-structures and preserving space inversion symmetry, four configurations of this type of nanosheet are obtained:
I. INTRODUCTION
It is generally known that graphene has many unique characteristics and wide application prospects [1, 2] . Inspired by the study of graphene, many of new inorganic two-dimensional (2D) layered crystals, such as BN sheet [3] , transition metal dichalcogenides [4] silicene [5] and black phosphorus [6] , get more and more attentions, and exploration of new types of 2D layered crystals is becoming a hot research topic in field of material science. However, applications of these 2D materials in the developing spintronics are often limited by the intrinsically nonmagnetic nature of their pristine structure. The scientists then turn their attentions to organic framework, especially 2D metal-organic materials composed of metal atoms and organic lig-ands. Compared with their inorganic counterparts, the metal-organic frameworks have significant advantages: their electronic properties have almost infinite possibilities by adjusting metal ions and organic ligands; the metal atoms are distributed regularly and separately with organic ligands, so that they are not easy to cluster. Based on these advantages, the 2D metal-organic materials have been extensively explored both in experiment and theory [7] [8] [9] [10] [11] [12] .
Recently, a new 2D metal-organic material, i.e.
π-conjugated nickel bis(dithiolene) monolayer (Ni 3 C 12 S 12 ), was synthesized experimentally [13] and has received many interests because of their novel properties [14] [15] [16] . However, it is nonmagnetic intrinsically. Subsequently, one theoretical study predicted that replacing nickel atom with manganese atom (Mn 3 C 12 S 12 ) could achieve a half-metallic ferromagnetic ground state with a Curie temperature of 212 K [17] , and another theoretical study showed that substituting the S atoms with -NH-groups in Mn 3 C 12 S 12 (Mn 3 C 12 N 12 H 12 ) would further enhance the magnetism and result in a Curie temperature of 450 K [18] . From the above results, it can be seen that element substitution can effectively affect the electronic and magnetic properties of this type of 2D metal-organic material. It may be interesting to examine influences of hybridization of S atoms and -NH-groups in the Mn coordination sites on the electronic structure of this 2D metal-organic nanosheet. In fact, the 2D metal-organic frameworks with coordination style consisting of dithiolene-diamine or dihydroxyl-diamine and transition metal atoms have been reported to possess some interesting properties, such as topological nature [19, 20] and electrocatalytic H 2 production [21] . However, there is no specific study on the effect of this coordination hybridization of S (or O) atoms and -NH-groups on the magnetism, especially types and strengths of magnetic coupling, in this type of 2D metal-organic nanosheet.
In this work, we first carry out first-principles calculations to investigate the geometric structure, electronic structure and magnetic behaviors of trans-manganese dithiolene-diamine Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer. The results show that it is a ferromagnetic (FM) half-metal with planar structure and Curie transition temperature deduced by Monte Carlo (MC) simulations was estimated to be 308 K. Then we turn to the other three 2D metal-organic nanosheets: cis-manganese dithiolenediamine
and cismanganese dihydroxyl-diamine Mn 3 (C 6 O 6 )(C 6 N 6 H 6 ) monolayers. Although the Mn 3 (C 6 S 6 )(C 6 N 6 H 6 ) monolayer has a spin frustration (SF) ground state with an energy gap of ∼0.2 eV, the latter two nanosheets are also FM half-metals with Curie transition temperatures of 510 and 460 K respectively. The thermal stabilities of these nanosheets are validated, and the mechanisms of the above spin-polarized electronic properties are also discussed.
II. COMPUTATIONAL METHOD
In this work, the density functional theory (DFT) with projector augmented wave method (PAW) implemented in Vienna ab initio simulation package (VASP) [22, 23] is used to carry on our first-principles calculations. Electron-electron interactions are addressed within a generalized gradient approximation (GGA) in form of Perdew-Burke-Ernzerhof (PBE) [24] . Because GGA cannot properly describe strong correlation between partially filled 3d orbitals of the Mn atoms in the organic-metal framework, we use GGA+U method instead [25] and the values of correlation energy (U ) and exchange energy (J) for the Mn atoms are set to 4.0 and 1.0 eV respectively [26] [27] [28] [29] , which keeps consistent with the calculation conditions used in the studies of Mn 3 C 12 S 12 [17] and Mn 3 C 12 N 12 H 12 [18] monolayers so that we can compare our results with them. The plan-waves energy cutoff is set to 500 eV. All geometric structures are fully relaxed until the remnant force on each atom is less than 0.01 eV/Å, and the corresponding energy convergence criterion is set to 1×10 −5 eV. The k-point sampling for unit cell is performed with a 7×7×1 Monkhorst-Pack meshes in single-point calculations. The periodic boundary conditions with a vacuum space of 15Å thick along the z direction perpendicular to the nanosheet plane are applied to avoid interactions between two nearest-neighbor slabs.
III. RESULTS AND DISCUSSION
FIG. 1 shows the optimized geometric structure with a 2×2 supercell of the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer. In this structure, the two -NH-groups and two S atoms are coordinated to the central Mn atoms in a trans-like style with preserved space inversion symmetry, and every conjugated six-membered carbon ring is bonded to three -NH-groups and three S atoms alternately. Structural relaxation suggests that it is a planar kagome configuration, similar to the already synthesized Ni 3 C 12 S 12 monolayer [13] along with the predicted Mn 3 C 12 S 12 [17] and Mn 3 C 12 N 12 H 12 [18] monolayers. Lattice constant of a unit cell is optimized to be 14.23Å, which is slightly shorter than that of Mn 3 C 12 S 12 (14.87Å) [17] and slightly longer than that of Mn 3 C 12 N 12 H 12 (13.72Å) [18] , consistent with the atomic radii order of S and N.
Though the Ni 3 C 12 S 12 has been synthesized in the experiment [13] and the stability of the Mn 3 C 12 N 12 H 12 has also been checked [18] , we have still performed the ab initio molecular dynamics (MD) simulations to examine thermal stability of the Mn 3 (C 6 S 3 N 3 H 3 ) 2 with hybrid coordinated organic sites. We set 4000 steps with a time step of 1.5 fs using the Nose-Hoover thermostat [30] at 300 K. The geometry can still be maintained after 6 ps. FIG. 2(a) shows variations of total energy of the simulated system with time in the simulation. In the simulation process, the total energy remains almost invariant. FIG. 2(b) gives snapshot of the geometric structure of Mn 3 (C 6 S 3 N 3 H 3 ) 2 after 6 ps MD simulations at 300 K. The bond lengths of Mn−N and Mn−S are slightly longer than the values in the initial structure, but the metal-organic nanosheet still keeps its structures. The above results suggest the thermally stability of the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer at room temperature.
We then explore magnetic properties of the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer. Firstly, a self-consistent calculation starting from a FM ordering with the local magnetic moments aligned in a parallel manner is performed. The calculated result shows that the total magnetic moment is 9.0 µ B in a unit cell of the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer, and the coordination center Mn atoms carry most of the magnetic moments (3.67 µ B ) while the magnetic moments of other atoms are comparatively small. Spin-polarized electron density calculated from difference between electron den- self-consistent calculation starting from a magnetic ordering in which the magnetic moment of one Mn ion is in an anti-parallel way with respect to the other two Mn ions in a unit cell, i.e. a SF state with the total magnetic moment of 3 µ B , considering kagome configuration of Mn 3 (C 6 S 3 N 3 H 3 ) 2 . The calculated exchange energy E ex (defined as the total energy difference between the self-consistent results of SF and FM ordering E SF −E FM ) per unit cell is 149 meV, which indicates that the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer prefers a stable FM ground state. This exchange energy is larger than that of the Mn 3 C 12 S 12 monolayer (103 meV) [17] and smaller than that of the Mn 3 C 12 N 12 H 12 monolayer (223 meV) [18] . The FM coupling between the Mn atoms should be ascribed to through-bond spin polarization [31] , i.e. that all of the Mn atoms have antiferromagnetic (AFM) coupling with their interacting C 6 S 3 N 3 H 3 moiety so that these Mn atoms are of the same spin polarities, as displayed in FIG. 3(a) .
Next we begin to analyze band structure and projected density of states (PDOS) of the is flat bands plus Dirac cone near the Fermi level (FIG. 3(b) ), which is probably related to non-trivial topological properties [16, [32] [33] [34] , but here we are concerned about the magnetic behavior of the system. It is also noted that the spin polarization results in crossing of a Dirac band in the spin up channel with the Fermi level and the latter is just in band gap in the spin down channel, i.e. the characteristic of half-metallicity with a metallic spin-up channel and an insulating spin-down channel, similar to the Mn 3 C 12 S 12 and Mn 3 C 12 N 12 H 12 monolayers [17, 18] . The FM half-metal can act as a spin injector to filter the charge current into a single spin channel to generate a 100% spin-polarized current. From the PDOS of every elements in the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer (FIG. 4) , one can find that the spin polarization comes mainly from p z orbitals of the C, N, S atoms and d xz (d yz ) orbitals of the Mn atoms, and there exists stronger orbital hybridization near the Fermi level between them with matched wave function symmetries, especially in the spin down channel, suggesting a notable p-d coupling which brings conjugated π orbitals in the nanosheet and is responsible for long-range FM ordering between the Mn atoms as shown before.
The FM half-metallic Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer with complete spin-filtering efficiency should be a potential candidate for application in spintronic devices.
But we need to check the magnetic variation with increasing temperature which is important to real applications. Here, Ising model is chosen to calculate Curie transition temperature of this FM coupling system. Since the total magnetic moment in a unit cell is 9 µ B , the average magnetic moment per site (every Mn atom along with its neighboring four C atoms, two S atoms, two N atoms and two H atoms) in this kagome lattice is 3 µ B . Only the nearest magnetic interactions are considered in the calculations to make a comparison with the Curie transition temperature of Mn 3 C 12 S 12 and Mn 3 C 12 N 12 H 12 , so Hamiltonian of this system can be written as follows,
wherem i andm j represent the local magnetic moments at sites i and j respectively, and J 0 is the nearestneighbor exchange parameter of the local magnetic moments. If we apply the above Hamiltonian formula in the kagome spin lattice, J 0 can be deduced from the exchange energy E ex according to the following formula:
in which |m|=3 for the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer. Then the nearest-neighbor exchange parameter J 0 is DOI:10.1063/1674-0068/30/cjcp1705085 c ⃝2017 Chinese Physical Society estimated to be 2.07 meV. And coordination number of the center Mn atoms is 4. According to these parameters, we employ mean-field theory (MFT) to deduce the Curie transition temperature, and the related computational details can be found in previous reports [18, 35, 36] . The Curie transition temperature of the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer is deduced to be 481 K. Because the MFT method usually overestimates the Curie transition temperature, we have also performed the MC simulation to deduce a more accurate Curie temperature. Although the latter method could also overestimate the Curie transition temperature to some extent, it has become an effective method for theoretically deducing the more reliable Curie transition temperatures of various low-dimensional materials [9, 11, 17, 18, 35] . A 50×50 supercell is employed and the simulations last for 5×10 5 loops. The simulated average magnetic moment per site and specific heat C v as functions of increasing temperature are shown in FIG. 5 . The magnetic moment per site can be well maintained at 3 µ B under 180 K, and with the further increase of temperature, the magnetic moment subsequently decreases rapidly to 0 µ B , accompanied by a sharp peak of the specific heat with the increasing temperature as shown in inset of FIG. 5. Then we can gain the Curie transition temperature of 308 K, which is 36% lower than the predicted temperature by the MFT method. This predicted Curie transition temperature by the MC simulation is lower than that of Mn 3 C 12 N 12 H 12 (450 K) [18] , but it reaches room temperature and is higher than value of Mn 3 C 12 S 12 (212 K) [19] . We have also examined the magnetic coupling in the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer with biaxial strains ranging from −5% to 5% because the strain often significantly affects the magnetism of 2D materials [37] [38] [39] . The calculated results show that the near-room-temperature FM ground state of the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer can keep in the given variation range of strain (not shown). In conclusion, the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer has potential for applications of spintronic devices, similar to the Mn 3 C 12 N 12 H 12 and Mn 3 C 12 S 12 monolayers.
After the detailed examinations of the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer, we then turn to the other three 2D kagome monolayers which can be seen as derivatives of Mn 3 (C 6 S 3 N 3 H 3 ) 2 by exchanging or substituting atoms/groups with preserved space inversion symmetry. FIG. 6 (a)−(c) display their optimized geometric structures with a 2×2 supercell. We exchange one -NH-group and one S atom coordinated to the same Mn atoms in the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer, i.e. change the trans-like coordination style of every Mn atoms to cis-like style, and then get the cismanganese dithiolene-diamine Mn 3 (C 6 S 6 )(C 6 N 6 H 6 ) monolayer (FIG. 6(a) ).
The replacements of all S atoms with O atoms in the Mn 3 (C 6 S 3 N 3 H 3 ) 2 and Mn 3 (C 6 S 6 )(C 6 N 6 H 6 ) monolayers can further get the trans-manganese dihydroxyl-diamine (FIG. 6(b) ) and cis-manganese dihydroxyl-diamine Mn 3 (C 6 O 6 )(C 6 N 6 H 6 ) (FIG. 6(c) ) monolayers. These monolayers still keep the planar kagome configurations after the optimization. Table I shows the optimized lattice constants a, various bond lengths and total energies in these monolayers. We find that after the S atoms are replaced by the O atoms the lattice constant a decreases along with the decreasing Mn−S/O and C−S/O bond lengths, which can be ascribed to the smaller atomic radius of O compared with S. It is also noted that the monolayers with the trans-like coordination style have smaller lattice constants a than those with the cis-like style, but the differences are slight, especially for the cases with O substitution. We also find that the monolayers with the trans-like coordination style have lower total energies, i.e. more stable, than those with the cis-like style, and the difference is also smaller for the cases with O substitution. We have also tested the stabilities of these three monolayers by using the MD simulations, and the re- sults show that they are also stable at room temperature, the same as the Mn
Similarly, when we examine the electronic and magnetic properties of these three monolayers, both the FM and SF orderings are considered. The calculated exchange energy E ex per unit cell and the band gaps in the ground states are listed in Table II FIG. 7 respectively. For the Mn 3 (C 6 S 6 )(C 6 N 6 H 6 ) monolayer, we find that its exchange energy is negative, so its ground state is a SF state (FIG. 6(d) ), and it has a band gap of ∼0.20 eV (FIG. 7(a) ), showing that it is a smallgap semiconductor, in contrast to the FM half-metallic Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer. In this SF ground state, every Mn atom is still polarized antiferromagnetically with respect to the N and S atoms bonded to it (see FIG. 6(d) and Table II) , resulting in that the magnetic moments of the C, N and S atoms in the same C 6 S 3 N 3 H 3 moiety possibly have opposite spin polarities (FIG. 6(d) ). The possibly opposite spin polarities of the nearest-neighbor Mn atoms should be related to AFM superexchange interaction through the N, S and C atoms bridging them. It is also interesting that the conductive and valance bands of Mn 3 (C 6 S 6 )(C 6 N 6 H 6 ) are in the same spin channel. We have tried to employ method of carriers doping [40, 41] to gain a FM ground state of Mn 3 (C 6 S 6 )(C 6 N 6 H 6 ) in order to explore its application in the spintronics. The carriers doping concentrations are ranging from −3.0×10 14 cm −2 to 3.0×10 14 cm −2 . However, the calculated results show that the FM ground state can survive only in a smaller range of the doping concentration, and the corresponding exchange energy is also smaller so that the Curie temperature cannot reach the room temperature (not shown).
Then we focus on the Mn 3 (C 6 O 3 N 3 H 3 ) 2 and Mn 3 (C 6 O 6 )(C 6 N 6 H 6 ) monolayers, which have positive and larger exchange energies than that of Mn 3 (C 6 S 3 N 3 H 3 ) 2 (see Table II) , showing stronger FM coupling. They both have half-metallicity with a metallic spin channel and a semiconductor spin channel (FIG. 7 (b) and (c) ). The FM ground state makes that the C, N and O atoms in the C 6 S 3 N 3 H 3 moiety have the same spin polarities (FIG. 6 (e) and (f) ). There exist the strong orbital hybridizations near the Fermi level between the p z orbitals of the C, N, S atoms and d xz (d yz ) orbitals of the Mn atoms, especially in the spin down channel (FIG. 7 (b) and (c) ). All of these phenomena are similar to those of the Mn 3 (C 6 S 3 N 3 H 3 ) 2 monolayer. The substitution of the O atoms by the S atoms enhances the difference between the magnetic moments of the N and S/O atoms, but weakens the difference between the magnetic moments of the C atoms bonded to N and S/O simultaneously (see Table II ). The change of the coordination mode of the Mn atoms from trans-to cis-style removes flat band plus Dirac cone near the E F (FIG. 7 (a) and (c)), so both the Mn 3 (C 6 S 6 )(C 6 N 6 H 6 ) and Mn 3 (C 6 O 6 )(C 6 N 6 H 6 ) monolayers have lost the nontrivial topological features.
The stronger magnetic couplings in Mn 3 (C 6 O 3 N 3 H 3 ) 2 and Mn 3 (C 6 O 6 )(C 6 N 6 H 6 ) than Mn 3 (C 6 S 3 N 3 H 3 ) 2 may be ascribed to the following reasons: (i) the smaller atomic radius of the O atom results in the smaller lattice constants of Mn 3 (C 6 O 3 N 3 H 3 ) 2 and Mn 3 (C 6 O 6 )(C 6 N 6 H 6 ) compared to Mn 3 (C 6 S 3 N 3 H 3 ) 2 as mentioned above, so the distance-sensitive magnetic couplings are enhanced for the former two. In fact, the size order of lattice constants of the four monolayers are the same as the strength order of their exchange energies (see Tables I   DOI: and II), such as Mn 3 (C 6 O 3 N 3 H 3 ) 2 with the smallest lattice constant and the strongest magnetic coupling, and Mn 3 (C 6 S 6 )(C 6 N 6 H 6 ) with the largest lattice constant and the weakest magnetic coupling. (ii) As discussed above, the substitution of the O atoms by the S atoms weakens the difference between the magnetic moments of the C atoms bonded to N and S/O, i.e. makes the spin-polarized π-conjugated electron around the carbon ring more delocalized, so as to enhance the magnetic coupling. We also note that the change of the coordination mode of the Mn atoms from transto cis-style will weaken the magnetic coupling of the monolayers (see Table II ), which can be interpreted as the weaker electron conjugation of the latter due to the relative separation of S/O and N and lowered structural symmetry in the nanosheet. The two PDOS peaks near about −0.5 eV relative to the Fermi level in the spin down channel display different localized behaviors for the four monolayers ( see FIG. 4 and FIG.7) , which also validates this mechanism of electron conjugation.
We have also estimated the Curie transition temperatures of the Mn 3 (C 6 O 3 N 3 H 3 ) 2 and Mn 3 (C 6 O 6 )(C 6 N 6 H 6 ) monolayers afterwards. They have the same total magnetic moment in a unit cell of 9 µ B and average magnetic moment per site of 3 µ B .
Considering only the nearest-neighbor magnetic interactions, the exchange parameters J 0 are calculated to be 3.48 and 3.13 meV for Mn 3 (C 6 O 3 N 3 H 3 ) 2 and Mn 3 (C 6 O 6 )(C 6 N 6 H 6 ), respectively. The Curie temperatures deduced by the MFT method are 808 K for Mn 3 (C 6 O 3 N 3 H 3 ) 2 and 727 K for Mn 3 (C 6 O 6 )(C 6 N 6 H 6 ). On the other hand, the MC simulations based on the Ising model obtain the more reliable Curie transition temperature of 510 and 460 K for Mn 3 (C 6 O 3 N 3 H 3 ) 2 and Mn 3 (C 6 O 6 )(C 6 N 6 H 6 ) respectively (FIG. 8) , far beyond the room temperature and also higher than those of Mn 3 (C 6 S 3 N 3 H 3 ) 2 (308 K) and Mn 3 C 12 N 12 H 12 (450 K) [18] , which is consistent with the larger exchange energies of the former two. So the Mn 3 (C 6 O 3 N 3 H 3 ) 2 and Mn 3 (C 6 O 6 )(C 6 N 6 H 6 ) monolayers should have more potential and feasible applications in the future spintronics.
IV. CONCLUSION
We have proposed four configurations of 2D nanosheets based on the kagome lattice with the sites being S/O atoms and -NH-group coordinated to the same Mn atoms with trans-or cisstructures and preserved space inversion symmetry. Using the first-principles calculations, we theoretically demonstrate that among these four monolayers, the Mn 3 (C 6 S 3 N 3 H 3 ) 2 , Mn 3 (C 6 O 3 N 3 H 3 ) 2 and Mn 3 (C 6 O 6 )(C 6 N 6 H 6 ) monolayers are FM half-metals, but the Mn 3 (C 6 S 6 )(C 6 N 6 H 6 ) monolayer is a semiconductor with a SF ground state. The Curie transition temperature of the three monolayers with the FM ground states are estimated by employing the MC simulation to be 308, 510, and 460 K respectively. Their FM orderings and strengths are interpreted in term of the lattice constants influenced by the atomic radius and delocalized property of the spin density. As is known, the half-metals with higher Curie transition temperatures near and even beyond the room temperature have been considered to meet the demand of manipulating spintronic devices. Thus, these studies may provide an inspiration for following experimental and theoretical researches.
